The Tn551 insertion site of the autolysisdeficient Staphylococcus aureus mutant RUSAL2 was cloned and used to identify the autolysis gene ati in the parent strain,
Bacteria contain several types of peptidoglycan hydrolases that can break covalent bonds in their own cell walls (1, 2) . In spite of their ubiquitous presence among all bacterial species examined, the true physiological or ecological function(s) of these enzymes are not known. On the other hand, the activity of some of these hydrolases is clearly involved in phenomena such as bacterial autolysis (induced by antibiotics or adverse physiological conditions), cell wall turnover, and cell separation (2-7). At least some peptidoglycan hydrolase(s) may be involved in cell wall enlargement, cell division, and/or morphogenetic processes (8) . Staphylococcus aureus contains at least three kinds of catalytically distinct peptidoglycan hydrolases: an N-acetylmuramoyl-L-alanine amidase (AM) (EC 3.5.1.28), an endo-f3-N-acetylglucosaminidase (GL) (EC 3.2.1.96), and an endopeptidase (2, (9) (10) (11) . Several staphylococcal AMs and GLs of different molecular mass have been detected in culture broth and cell extracts by SDS/PAGE (12) (13) (14) . Other physiological roles proposed for the S. aureus hydrolases [for instance, in the mechanism of methicillin resistance and antibiotic tolerance (15) (16) (17) (18) ] remain matters of speculation.
Little is known about staphylococcal peptidoglycan hydrolase genes except for molecular cloning of a DNA fragment encoding an S. aureus GL (19) and nucleotide sequence analysis of a peptidoglycan hydrolase determinant of a prophage in S. aureus NCTC8325 (20) . We have previously isolated an autolysis-deficient mutant, RUSAL2, after Tn551 transposon mutagenesis of S. aureus RN450 (18) , and this has enabled us to clone and sequence an autolysis gene (atl) which we describe in this communication."1 MATERIALS AND METHODS Bacteria and Plasmids. S. aureus RUSAL2 is an autolysisdefective mutant isolated after transposon TnS51 mutagenesis of S. aureus RN450 (18) . S. aureus RN450 and FDA 209P were used for purification of extracellular lytic enzymes. Escherichia
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. coli JM109, used as a host strain, and plasmids pUC19, pUC18, and pBR322 were from Takara Shuzo (Kyoto). S. aureus strains and E. coli strains were grown in tryptic soy broth (Difco) and Luria-Bertani medium, respectively, with aeration at 370C.
Cloning and Nucleotide Sequencing. Routine DNA manipulations were performed essentially as described (21) . DNA sequence was determined by the dideoxy chain-termination method (22) with an automated DNA sequencing system (model 373A; Applied Biosystems). Both DNA strands were sequenced by using vector-derived primers.
Protein Isolation and Amino Acid Analysis. A 60-kDa AM and a 51-kDa GL were isolated as described (M.S., unpublished work; ref. 14) .
Bacteriolytic Enzyme Profiles After SDS/PAGE. These were analyzed as described (13) .
RESULTS
Cloning of the Autolysis Gene ati. To clone the autolysis gene from the parent RN450, the chromosomal fragment carrying the inactivating Tn551 insert in mutant RUSAL2 was identified by probing a Kpn I digest of RUSAL2 chromosomal DNA with a 4.1-kb Pst I-EcoRI internal fragment from Tn551. The probe hybridized to a 3.4-kb DNA fragment and a 9.2-kb DNA fragment. The 3.4-kb fragment was subsequently purified and cloned into the Kpn I site of pUC19 to generate pAT1. The pAT1 DNA was then used to screen restriction digests of chromosomal DNA from RN450. A 7.3-kb Kpn I fragment was identified. However, attempts to clone the whole 7.3-kb Kpn I fragment directly from the chromosomal DNA of RN450 have been unsuccessful and the complete atl gene was eventually cloned in overlapping DNA fragments.
The steps in this cloning procedure, summarized in Fig. 1 and a 3.7-kb HindlIl fragment were identified. The 2.3-kb Pvu II fragment was cloned in the HinclI site of pUC19 to generate pAT40, and the 3.7-kb HindlIl fragment (after the recessed 3' termini were filled in) was cloned in the Sca I site of pBR322 to generate pAT28. (Step 4) By using pAT28 to probe chromosomal digests, a 2.5-kb Kpn I-Pst I fragment was identified and cloned into pUC18 digested with Kpn I and Pst I, to generate pAT37 (not shown in Fig. 1 ). To facilitate sequencing, the 2.5-kb Kpn I-Pst I fragment of pAT37 was then subcloned in the HinclI site of pUC19 after conversion of the termini to blunt-ended molecules, to generate pAT38. ( Step 5) Finally, a second group of overlapping clones was obtained by using the original plasmid pATl to identify hybridizing fragments among HindIll restriction fragments of the parental (RN450) chromosomal DNA. A 3.4-kb Hindlll fragment was identified and cloned in the HindIII site of pUC19, to generate pAT5. Plasmid pAT5 was then used to generate a set of deletion subclones shown in Fig. 1 (pAT8, pAT1S, pAT6 , pAT12, and pAT16).
Expression of the atl Gene in E. coli. All the recombinant plasmids shown in Fig. 1, except (Fig. 2) , suggesting that the band might represent the pure AM. In contrast, the extract of the E. coli strains carrying pAT4, pAT5, pAT8, or pAT12 exhibited lytic bands of 80, 45, 45, and 24 kDa (not shown in Fig. 2 ), respectively, but only on the SDS/ polyacrylamide gels containing M luteus cells as substrate ( Fig. 2) , indicating that the hydrolase encoded on these particular cloned DNA fragments had substrate specificity similar to that of pure GL. The molecular sizes of these lytic bands decreased parallel with the truncation of the cloned DNA fragments, suggesting that an active site of the hydrolase was encoded on the cloned fragment of pAT12 and that the molecular size of the hydrolase was at least 80 kDa. The smallest protein (24 kDa) exhibiting lytic activity was observed in extracts from pAT12-carrying cells, which were tested on a 12% acrylamide gel containing M luteus cells (data not shown). This low molecular mass lytic band was not seen on the gel in Fig. 2 , because it was eluted from the gel under the conditions employed.
The most intriguing finding that emerged from these tests was that pairs of cloned DNA fragments that clearly did not overlap on the restriction map (e.g., pAT40 and pAT8) could nevertheless both encode proteins with cell wall hydrolytic activity. Further, the lytic activity of pAT40 was detectable only with the amidase substrate, in contrast to pAT8, which showed lytic activity only with the glucosaminidase substrate Proc-Natt Acad Sci USA 92 (1995) AT9R (see Fig. 1 ). These observations suggested either the presence sequences of the ORFs are shown in Fig. 4 
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TGTAACAAAAGAGCGTGCTCATGGTAATGAAACGTATGTATTATTAAACAATACAAGCCATAACATCCCATTAGGTTGCTTCAATGTAAAAGACTTAAATGTTC^AAAATTAGGCAAAGA 4 560 because a Shine-Dalgarno sequence (AGGAG) is located at the proper position (12-16 bp upstream of the second ATG codon). The termination codon TAA occurs 3771 bp from the initiation codon, so that atl encodes an autolysin of 1256 aa and 137,381 Da. A putative p-independent terminator that consists of two stem-loop structures is present downstream from the stop codon at bases 5761-5888. Two possible candidates for promoter sequences (P1 and P2) are present upstream of atl. A stem-loop structure that may concern the regulation of atl is present upstream of the putative promoter sequence at bases 1849-1877. A putative signal sequence is present in the first 29 aa and the cleavage site is located after the sequence Val-GlnAla, using the strategy described (23) . Three repeated sequences, each about 150 aa long, are located in the central region of the amino acid sequence. Alignment (Fig. 5) of repeat 1 (Lys441-Leu588) with repeat 2 (Lys610-Leu757) yields 113 identities for 148 aa (76%). The similarity between repeat 1 and repeat 2 is much greater than those between repeat 3 and repeat 1 (34%) or repeat 3 and repeat 2 (35%). 60-kDa lytic bands together with a comparable increase in the intensity of a 150-kDa lytic band (Fig. 6) .
Comparison of Amino Acid Sequences of the S. Aureus Autolysin and Other Cell Wall Hydrolases. The N-terminal part of the AM domain of S. aureus autolysin shows significant sequence homology with the N-terminal portion of the Bacillus subtilis cell wall hydrolase (CWLA) and the pneumococcal EJL bacteriophage AM (24, 25) (Fig. 7) . The degree of identity is 40% for 83 aa between the AM and CWLA, 24% for 163 aa between the AM and the EJL AM and 26% for 96 aa between CWLA and the EJL AM.
DISCUSSION
The DNA sequence reported here establishes the primary structure of a bifunctional autolysin encoded by the atl gene in S. aureus. The AM domain of atl extends from bp 2588 to bp 4300, with the corresponding Atl polypeptide extending from Ala'99 to Lys775. The GM domain begins at bp 4301 and ends at bp 5743, with the corresponding Atl polypeptide extending from Ala776 to Lys'256. The accuracy of the junction sequence was confirmed by sequencing the recombinant plasmid pAT28 from the HindlIl site in the direction of the Pvu II site. The 65-bp sequence obtained showed a complete match with the corresponding sequences generated by pAT20 and pAT22 (subclones of pAT4) between the nucleotide residues A-3071 and C-5154.
The extract of the E. coli strain carrying pAT4 showed a lytic band of 80 kDa. This molecular size was much larger than the calculated molecular mass deduced for GL (53,580 Da). Since the cloned DNA fragment of pAT4 encoded the C-terminal part of AM and the GL protein in the same polypeptide, the results indicate that the C-terminal part of AM and the entire GL protein were translated in a single polypeptide chain in this clone. Since AM and GL were purified from culture broth as separate enzymes, the bifunctional autolysin encoded by atl must be processed to generate the two extracellular cell wall hydrolases, perhaps in a manner described for the peptydoglycan hydrolases of Staphylococcus simulans (26) .
The AM domain of Atl contains repeats 1 and 2 at the C-terminal part, while the GL domain contains repeat 3 at the N-terminal part. Other cell wall-associated bacterial proteins also carry repeated motifs at the C-terminal region to form ligand-binding domains (25, 27, 28) . By analogy, it is likely that the N-terminal part of the AM domain of the staphylococcal autolysin, which is highly homologous to EJL AM and CWLA (see Fig. 7 ), contains the active center of the enzyme, whereas the C-terminal part may be involved in binding the protein to some residues in the cell wall. The active site of the GL domain appears to be located closer to the C-terminus, since the protein (from His1059 to the C terminus) encoded on the truncated subclone pAT12 still possessed lytic activity. Therefore the GL seems to have an organization opposite to that of the AM, having the N-terminal part containing repeat 3 and the C-terminal part containing the active site. The differences in structure of the repeat domains of these two enzymes might reflect the differences of the recognition sites on staphylococcal cell walls.
The atl gene was probably developed through fusion of AM and GL genes. The DNA sequences coding for the three repeats were probably formed by duplication of an ancestral DNA segment. The greater similarity between repeats 1 and 2 suggests that they were formed by two rounds of duplication. The staphylococcal autolysin presents an attractive model for the study of the evolution of multimodular enzymes by gene fusion and gene duplication and also for the study of the mechanisms of processing and maturation of autolytic proteins.
